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By GerardJ.Pesman

.
SUMMARY

Thefactorswhichaffectthesurvivalofhumanbeingsinairplane
accidentsfollowed.byftiewerestudiedby conductingfull-scalecrashes
oftransport-andcargo-typeairplanes.Studiesofburningairplane
hulkssupplementedtheinformationobtainedfromthecrashfires.The
the intervalduriugwhichoccupantscouldescapefroma burningair-
planewasdeterminedby usingthetimehistoriesofcabintemperatures
andtoxicgasconcentrationsinconjunctionwithdatathatdefinethe
environmentalconditionswhichcanbe toleratedby humanbeings.Other
hazardousfactors,suchasflyingdetachedairplaneparts,explosions,
andcrushingoftheairplanestructure,werealsostudied.

INTRODUCTION

Theinjuiesandthefatalitiesresultingfromaircraftaccidents
aretheresultoffourgeneralfactors:impactdecelerations,fire,
structuralmissiles,anddestructionof occupiedcompartments.Recent
aerometilcalresearchhasshownthathumanbeingscantoleratesevere
decelerativeforcesif@equatelyrestrainedandsupported.Theremain-
ingcausesofdeathandinjurymustbe studiedifthehazardto occu-
pantsduringotherwisesurvivableaccidentsistobe reducedtoan
acceptableminimum.A limitedstudyoftheseadditional,hazardswas
possibleaspartofthecomprehensivefull-scalecrashfireresearch
programbeingconductedby theNACALewislaboratory.Theresultsof
thestudyarepresentedinthisreport.

Thedatapresentedwereobtainedby crashinginstrumentedfull-
scaletransport-or csrgo-typea&planesinsucha mannerthata large
fireresulted.Firesbuiltaroundpreviouslycrashedbutunburnedair-
craftprovidedsuppkmentsrydata.Timehistoriesoftheenvironmental
temperaturesandgasconcentrationsinthepassengerandcrewcompart-
mentswereobtainedwhiletheairplanewasburning.Thestructural
disintegrationoftheairplaneandflyingpartswererecordedduring
thecrashby motion-picturecameras.Additionalinformationwas
obtainedby a carefulpost-crashexaminationofthewreckage.
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Thesedatawereusedinconjunctionwithphysiologicaltolerance
criteriainorderto determinethethe intervalduringwhichan escape
attemptcouldbemade. Thistimeinterval,stisequentlynamedthe
“escapetime,”givesan indicationofthere~tivehazardimposedby
eachofthefactorsaffectingsurvivalinthefire.The“escapethe”
isconsideredtobe moreimportantthantheintervalduringwhichpeople
couldbe expectedto surtiveinsidethefuselagebecauseoccupantsmust
escapethroughtheirowneffortsinthemajorityofaccidents.Thedata
alsotidicatesomemeansofeitherincreasing’theescapetimeorminimiz-
ingthehazsrd.

Thehazardsassociatedwithfactorssuchas structuraldestruction
andflyingpartscannotbe evaluatedintermsofan escapetime. In
thesecasesthehazardisdescribedandpossibleremedialmeasuresare
discussed.

CRASH

Twotypesof

—

PmcEmRE,EQumMENT,m

airplane normallyusedby

INSTRUMENTATION

themilitaryservicesfor
bothcargoandpersonneltransporl-wereusedforthesestudies.The
firstgroupofa@lanes emplo-~dwasofthelow-midwingtwin-engine .
typesbilartoinzin-enginecommercialtransports.Thesecondgroupwas
ofthehigh-wingtwin-enginepa&et type.All.theairpUnesusedwere
suppliedby themilitaryservicesandwereno longerofuse.

Thestudieswereconductedby guidinganunmannedairplanealonga
ftiedpathunderitsownpowerandallowingitto strikepreconstructed
bsrriersthatdamagedthepropellers,engines,landinggear,andfuel
tanks. Theairplanewasguidedby slavingthefrontlandingwheelor
wheelstoa steelmonorailplacedinthecenterofa pavedrunway.This
runwaywaslong~noughtoallowtheairplanetoreacha speedof85to
95milesperhour,approximatelytake-offspeed..Removalofthemain
landingwheelsby thebarrierscausedtheairplaneto slidealongthe
groundonitsbellywhiletheadditionaldamagetopropellers,engines,
andfueltankscreatedtheconditionsconducivetofire.Thecrashes
thereforesimulateda take-offaccidentinwhichthelikelihoodof
seriousfirewashighbtithestructuraldsmagewasmoderate.Theout-
boardfueltankswereapproximatelythree-fourthsfilledsothatabout
1000gallonsoffuelwereinvolvedineachcrash.Thefuelusedwas
eitherstandard100/130gradeaviationgasolineora lowvolatilityfuel
havinga Reidvaporpressureof0.1poundpersquareinch.Figures1 to
5 showvariousfeaturesofthecrashsite,crashoperation,anddamage
inflictedontheairplane.

Thedatawererecordedby motion-picturecameraslocatedaroundthe
crash-sitepertieterandby instrumentationinstauedina shock-mounted
heat-resistantboxintheairplane.A completedescriptionofthe
facilitiesandmethdsusedforthecrashesisgiveninreference1.
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Sincealltherequiredsurvivalinfamationconcerningfirecould
notbe obtainedfromthecrashes,supplementalfirestudiesweremade
whennecessary.Airplanesthatdidnotburnwhencrashedwereusedfor
thesestudies.Themajoropeningsinthefuselageresultingfromthe
crashwereclosedsothatan essentiallyundamagedcabinwassimulated.
Thefuelspillageonthegroundandfromthewingtankswassrrangedto
stiulatethatoccurringinthefull-scalecrashes.Motionpicturesof
thecabininteriorandairplaneexteriorweretakenduringthefire.

Othersupplementalstudieswerealsomade. Theequipmentusedin
thesecasesisdescribedbrieflyinthediscussion.

Evaluationofthehazardassociatedwithskinburningrequired
computationoftheratewithwhichheatwouldbe transmittedtothe
exposedskinofairplaneoccupants.Theheatistransferredtothe
occupantsby convectionfromthehotgasesandby radiationfromthehot
fuselagewalls.Theheatthatcouldbe transferredto an occupant’s
skinwascomputedfromthetemperaturehistoriesofmatte-blackcopper
spherecalorimetersplacedatpassengerlocationswithinthefuselage.
Thesesphereswereapproximatelythesamediam%erasa humanhead.
Sincetheheadisnotprotectedby clothingandwillbe morerapidly
affectedthanclothedparts,heattransferto theheadwillgovernthe
escapetime.

An airplaneoccupantexposedtoa crashftiecanalsobeinjured
by inhalinghotgasesthatenterthecabin,andcanbepoisonedbythese
samegases.Thesehazardswereevaluatedfromtiluehistoriesofthe
cabinatmospheretemp~atureandgaseouscomposition.

Thetemperatureofthecabinatmosph-ewasmeasuredlythermo-
couplesshieldedfromtheheatradiatedbyhotfuselagewalls.The
atmosphereinthecabinandthepilot’scompartmentwassampledperiod-
icallyduringthefireandstisequentlyanalyzed.Carbondioxideand
oxygenconcentrationsweremeasuredby thestandardOrsatprocedure.
Carbonmonoxideconcentrationsabove1 percentwerealsomeasuredly
theOrsatmethod.smallerconcentrationsofcarbonmonoxideweremeas-
uredlytheBureauofStandardscolorhnetricmethod(ref.2). The
estimateofaldehydeconcentrationwasmadeby thesulfite-fuchsin
calorimetricmethod.

. ANLLYSISOFDATA

ThermalInjury

Ofthevariousinjuriesthatresultfromtheexposureofhuman
beingsto abnormaltemperatureconditions,onlyskininjuryandrespir-
atorysystemdamagewereconsideredinthisstudy.Fortheshort

- ——————.— _... .-...— — —
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intervalsconsideredtYPic~ofcrashfirecircumst~ces(lessthan
1Srein),otherformsoftherm~injm~ suchasheat~rostrati~~
requireheatsourcetemperaturesabovethoseresultinginskininjury
(fig.3 ofref.3).

Physiologicalcriteria:skininjury.- Onthebasisofavailable
physiologicaldata,twocriteriacanbeestablishedthatwilllimitthe
escapetimewhenan airplaneoccupant’sskinisexposedtoheat.The
firstcriterionisbaseduponthepainthatisassociatedwiththe
beginningofskininjuryandthatcanbetoleratedby people;thesecond
isbasedupondatadefiningthethermalconditionsthatwillinflicta
second-degreeburnonexposedskinsmfaces.

Studiesofinfraredradiationonhumanskin(ref.4)haveshown
thata skinsurfacetemperatureof42°to45°C (5°to 8°C abovenormal
bodytemperature)isaccompaniedtitb“unbearablepain.”Thispainis
sufficientlyseverethat,“Accordingto layreports,thefeelingof
facialpainmaybe strongenoughto delayonefromtakingpreventive
measuresto escapethefire”(ref.4). If environmentaltemperatures
insidethefuselageduringa crashftieriseuntiltheoccupantsfeel
painofthismagnitude,furtherescapeattemptsonthepartof some
tidivtdualscanbecompletelydisorganizedbypanic.

Therelationbetweenheatabsorbedby theskinandthetimeduring
whichabsorptionoccursthatcausesunbearablepainisshowninfig-
ure6. Thisfigureisa motiicationoffigure3 presentedinrefer-
ence4.

An investigationofth@malsldninjmyreportedinreference5
showedthatskinburning,injurytotheskintissue,beginswhenthe
skinsurfacetemperatureisraisedto44°C (fig.7). Ifthismintium
skinsurfacetemperatureismaintained,pro~essivelymoresevereinjury
occurs,theextentoftheinjurydependhguponthedurationofthe
exposure.Below94°C therateofcellularrepairisequaltotherate
ofinjuryandno cumulativeinjuryoccurs.Becauseofthesimilartem-
peraturevaluesforpainandthebeginningof skininjury,painis’s
goodindicationthatskininjurywilloccuriftheapplicationofheat
continues.A skinsurfacetemperatureof420 to45°C (107.6°to 113°F)
canthenbe usedas onecriterionlimitingtheescapetime.Themethod
ofdetermin@thisescapetimeisdescribedinappendixA.

Sincesomeindividualscantol=atepainmorereadilythanothers
withoutpanicandcouldprobablyescapefroma burningairplaneeven
thoughexposedskinsurfaceswereseverelyburned,a secondcriterion
forlimitingtheescapetimeisTossible.Thissecondcriterionis
baseduponthecdbinationof skinsurfacetemperatureandtheduration
ofexposuretothistemp~aturethatproducesa

.
minimalsecond-degree

burn. Amin3malsecond-degreeburnisoneinwhichallcellsinthe
.
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epidermallayerhavebeenkilledby heat.Therelationbetweenskin
surfacetemperatureandexposuretimecausinga second-degreeburnis
shownby thesolidlineonfigure7. Thisfigureshowsthatifthesldn
surfacetemperatureis44°C (Ill”F),an exposureofabout6 hoursis
requiredtoproducea second-degreeburn. Iftheskinsurfaceismati-
tainedat55°C (131°F),anexposureofonly20 secondsisrequiredfor
a second-degreeburn;whileata skinsurface-temperatureof70°C
(158°F),a second-degreeburnwillbe imflictedin 1 second.Theinfor-
mationpresentedinthisfiguremakes~ossiblethecalculationofescape
timeas13mitedby a second-degreeburn.Withpossiblecomplicating
factorsneglected,a second-degreeburnofface,head,andneckiscon-
sideredsurvivableby medicalauthorities.Theescapetimesbasedupon
thiscriterionwill.bepresentedforcomparisonwiththeescapetimesas
limitedbypainandthebeginningofskininjury.Themethodofcal-
culatingthesecond-degreeburnescapetimefroma timehistoryof
calorimeterbulbtemperatureisalsoshowninappendixA.

Physiologicalcriteria:respiratorysysteminjury.- Sinceairplane
occupantsmayinhalehotgasesthatcouldinflictrespiratorysystem
~Wy a tolerancecriterionmustbeestablishedforthishazardalso.

Theresultsofstudiesreportedinreference6 showthattheh~
bodycantolerateanbient-airtemperaturesof240°F withoutinjuryfor
periodsof over20minutes.Theseexposuresticludedbreathingthe
ambientatmosph=eintheheatedchanber.Thisreferencealsoreports
anindustrialcaseinwhichanengineerentereddryingequipmentat
300°F protectedbyseveralburlapbags. Inthiscasehisbodywas
protectedbytheinsulatingcapacityoftheburialbagsbutno suchpro-
tectionwasmentionedfortherespiratorysystem.No injuryresulted.
A caseofhumanexposurereportedinreference4 inwhichbodyandface
wereexposedto airat390°F fora shortthe resultedinonlyminor
externalburnsatpointswhereevaporativecoolingfromskinperspiration“
couldnotoccur.Examinationofexperimentalanimalswhoserespiratory
systemsweresubjectedtohotgasesshowedthatah hotenoughtoburn
theskinofthefacecanbeinhaledwithoutcausingdamagetothewind-
pipeorlungs(refs.3 and7). Thesedata,however,donotindicatea
sharplydefinedrespiratorythresholdtemperature.Sincethehighest
humanrespiratorysystemexposurewithoutinjurywas390°F, thistem-
peraturehasbeenarbitrarilychosenasa thresholdvaluetopazmtta
grosscomparisonoftherelativehazardofskininjuryandrespiratory
damage.

Temperaturehistoriesandassociatedescapetimes.- Historiesof
theanibientandcalorimetertemperaturesinpassengerandcrewcompart-
mentsduringthevariouscrashestogetherwiththeescapqtimesas deter-
minedlythecriteriadescribedinthepreviouspara~aphsareshownon
figure8. Thepainandsecond-degree-burnescapetimesme indicatedby
appropriatelabels.Pertinentdataconcerningtypeofairp~e, typeof
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fuel,smdwindvelocityrelativetotheairplaneareabo includedon
eachgaph. Forconvenienceinmakingcomparisonsfromcrashto crash,
theescapetimeshavealsobeentabulatedintable1.

Thesetemperaturehistoriesrepresentthethermalconditionsthat
resultedfromcrashesinwhichfireoccurredonbothsidesoftheair-
plane.InthreeofthefourcrashesWge volumesoffuelmistformed
whenfueltankswererupturedwhiletheairplanewasmovingrapidly
(-fig.9). Whenthisfuelmistwasignitedwhiletheairplanewassliding,
largemistftiesdeveloped.Figure10showstheextentofsucha mist
fire.Thesemistfiresburnawayin15to20 seconti,leavingfires
burningfromfuelontheground,onthewettedairplanestiucture,and
pouringfromthetanks..Thesizeandextentofthesefiresareshownby
theupperphotographsoffigureI-1..Infrom2 to5 minutesthesefires
subsequentlydeveloptothesizeshownby thelowerphoto~aphsonthis
samefigure.

Becausethemistfiresriseawayfromtheairplaneandalsoburn
outina fewseconds,theairandcalorimetertemperaturesinsidethe
fuselagedonotincrease.Thiseffectisshownbyinspectionofthe
first20 secondsofeachtemperaturehistory(fig.8). Thesecabin
environmenttemperaturesarenotincreasedbeca~ethealuminumfuselage
skinreflectsmostoftheheatradiatedbythefire;consequently,mist
firesthattouchthefuselagewallEonlymomentsril.ywhiletheairplane
is slidingarenothazardoustotheoccupants.

Theescapetimestabulated~ thethirdcolumnoftableI showthat
skininjurywasimminentinas littleas53 secondsinthefuselage
oftheairplaneusedforcrash6. Theescapetimebasedonthesecond-
de~ee-burncriterion,column4,forthesameairplanepositionis
59 seconds.Thesedatashowthat,forthehighrateoftempaaturerise
whichoccurredatthisairplanelocation(1200°F/rein),therewasa
6-seconddifferenceinescapetimeas limitedby painandtheinflicting
ofa second-de~eeburn. Theintervalsbetweenthefirstfeelingofpain
andtheinflictingofa second-degreeburnforcrashes3 and7,whenthe
escapetimes.arelessthan100seconds,areofthesameorderofmagni-
tudeasforthechosenexample.Itisapparent,therefore,thatwhena
crashfiregrowsrapidlyandthetemperattiesinoccupiedcompartments
risewithcorrespondingrapidity,Mttleadditionalescapetimecanbe
gainedbeyondthatindicatedby thepainassociatedwiththebeginning
ofSkin.injury.

Thetimeafterimpactatwhichtheambienttemperatureinpersonnel
compartmentsreachedtherespiratcmysystemthresholdtemperatureof
390°F isgivenh column5 oftableI. Theminimumtimeinwhichthe
mbienttemperaturereachedtheresptiatorythresholdwas60secondsand
themaximumtimewas296seconds.Theseresultsshowthat,ingeneral,
therespiratorythresholdwasreachedinappro=tely thessmetimeas .
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theskinburningthreshold,1 to5 minutes.Inonecase(crash6,
pilot’scompartment),therespiratorythresholdwasreachedpriortothe
skinburningthreshold.Inthisinstance,hotgaseswerebeingcarried
intothepilot’scompartmentbywindandconvectioninsidethefuselage.
Thiscomparisonoftheskiminjuryandrespiratoryinjuryescapetimes
indicatesthatthemagnitudeofthedifferenceisinsufficienttowar-
rantconsideringonetypeof injurymoreimportantthantheother.
Becauseoftherapidlyrisingambient-airtemperaturesthisresultis
applicableeventhoughtherespiratoryinjuryescapetinewouldbe longer
ifmorecompletedataonhumanshadindicateda highertoleranceto the
inhalationofhotgases.Remedialmeasureswouldthusbe requiredfor
bothtypesof injuryifadditionalescapetimeistobe provided.

Thevariationinescapethe withpositionina particularairplane
duringa fireandfromonecrashfiretoanotherdependsontheposition
ofthepassengerwithres~ecttothemainbulkofthefire,thewind
directionandvelocity,theareaoverwhichfuelis spilledduringa
crash,andtheterrainonwhichtheairplanecomestorest.Theterrain
determineswherefuelwillflowafterit spillsfromtherupturedfuel
tanks,whichinturndetermineswherefirewillbe locatedwithrespect
tothefuselage.Theshorterescapetimesavailableincrash3 as com-
paredwithcrash1 aretheresultofwindspeed,winddirection,and
terrain.Duringcrash1 thewindwasfairlybrisk(14mph)andfrom
sucha tiectionthatitcarriedtheflameawayfromthepassengercom-
partmentinthefuselage.Theairplanealsocametorestonlevel
groundtiththeresultthatspilledfuelremainedpooledunderthewings
andtheareaofthefiredidnotincreaserapidly.Duringcrashfire3
therewaslittlewindsothattheflamesfrombothsidesofthefuselage
tendedtomerge,forminga canopyof’flamearoundandoverthefuselage.
Theairplanealsocametorestonan upslope,causingfuelto runback
sothattheresultingfiremorecompletelyenvelopedthefuselage.As
a result,theescapeth inthefuselageduringcrash3 wasMttl.emore
thanhalfthatinthesamelocationforcrash1 - 90 secondsas compared
with163seconds,respectively.

Theeffectoftheoccupant’spositionintheairplanewithrespect
tothemajorbulkofthefireisshownbythedatafromcrash6. In
thisfirethewinddirectionwassuchthatthepassengercompartmentin
thefuselagewasalmostccmpletelybathedinflamewhilethefrontend
andpilot’scompartmentwerenotinvolved(fig.12). Stisequentgrowth
ofthefirebothoutsideandinsidethefuselagegraduallyinvolvedthe
pilot’scompartmentandfrontendoftheairplsme.As a resultthe
escapetimeasMmitedby painwasonly53 secondsinthefuse~e as
comparedtith144secondsforthepilot’scompartment.

Passengersseatednearwindowsthatfacea firewillbesubjected
tomoreintenseradiationthanthoseprotectedbythefuselagewalls,
andtheavailableescapetimewillbe correspondinglydecreased.The

. ..——.——— .—.——._——_ —.- ——.
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relativemagnitudeofthiseffectis shownby thecomparisonofthe
calorWeterbulbtemperaturesgiveninfigureX5. Althoughbothcalorim-
eterbulb wereexposedtothefireintheforwardendofthecabin,the

.

bulbfacingthewindowcouldalsoreceiveradiationdirectlyfromthe
fireontheleftsideoftheairplane.As a resultthisbulbindicated
a temperatureof700°F within1.10secondsafterthefirestarted,while
thebulbpotectedbythefuselagewallsdidnotreach700°F until
160secondshadelapsed.

Theplasticmaterialssometimesusedforwindowpanessoftenrapidly
whenheatedandmeltsothatpassengerstillbe exposeddirectlyto
flame,hotgases,andsmoke.Fi~e 14showstwostagesinthe&lsinte-
@ationof suchtidow materials.

Althoughtheseresultsindicatethattheminimumescapetimeas
limitedby thermalinjuryisabout50 seconds,clifferentcrashcircum-
stancesmayfurtherreducethisminhmmvalue.Whenthereisdirect
contactbetweenflameandthefuselageskinwhiletheairplaneismoving
rapidly,thefuselageskinburnsthroughquickly.Figure15 showsthe
me restit~ fromdirectflamecontactwiththefuselageskinfor
7+seeondswhiletheairplanewasslidingtoa stop.Thefuel-airmix-
turewasarrangedtobe practicallystoichiometricinthiscase;thusthe
flametemp~atureswereabovethoseofthesmo~ flameexistingduring
conventionallyaspiratedfires.Thedamageshownistypicalofthe
entireflsmecontactarea.Undersuchcircumstances,occupantsseated
nearfuselagewallscouldbeburnedby flamewhenthefuselageskinburns
through;thustheminimumescapetimewouldbe lessthan50 seconds.

Effectofi&titiononescapethe. - Sincecommericaltransport
aircraftareequippedwithsoundad thermalinsulationitwasnecessary
to determinewhetherthethermalescapettiesinan insulatedcabinwould
be essentiallydifferentfromthoselistedintableI foruninsulated
cabins.In orderto obtaina validcomparison,twoidenticalenclosures
(therearclam-shelldoorsfrompreviouslycrashedcargo-typeairplanes)
wereused.Oneoftheseenclosureswasleftuninsulated,theotherwas
providedwith2 inchesofglass.woolheldinplacewitha thininsula-
tionandfabricpad. Theseenclosureswerefacedintothewindinsuch
a positionthatfirewouldbe similararoundeachenclosure.Panscon-
tainingequalquantitiesoffuelwereplacedinfrontofeachenclosure
andthenignitedstiultaneousl.y.Theauibientairandcalorimetertem-
peraturehistoriesinsideeachenclosurewererecorded.

Thetemperaturehistoriesfortheinsulatedanduninsulatedshells,
areshowninfigure16. Thisfigureshowsthatintheinitialstagesof
theftiesthetemperaturesinsidethe’insulatedenclosureremainedbelow
thoseintheunhmlatedenclosure.Sevenandone-halfminutesafter
thefireswffestartedtheinsulatedenclosureburnedthrough.Thetem-
peraturesinsidethisencloswethenincreasedrapidlyandwereequalto
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thoseintheuninsulatedenclosure8 minutesafterthefireswere .
. started.Thereafter,untilthetestwasterminated,theinsulated

enclosuretemptiaturesremainedabovethoseintheuninsulatedenclosure.
Theuninsulatedskinburnedthrough12minutesafterthetestwas
started.Uninsulatedskinmeltsawaymoreslowlythaninsuktedbecause
heatfromthefirecanreradiatefromtheoppositeskinsurface.

As a resultofthesetemperatureconditionsthethermalescapetime
fortheinsulatedenclosurewasabout8 minutes;whereasfortheunin-
sulatedenclosure,theescapetimewas+ minutes.Theseescapetimes
showthattfiglasswoolinsulationpresentlyusedincommercialtrans-
portaircraftwillnotincreasetheescapetimeappreciablyandmay
decreasetheavailabletimeslightly.Theglasswoolinsulationalso
offerslittleobstructiontothepassageofflameandgasesbecauseit
tendsto shrinkandfallawayfromitssupportswhenexposedto tiect
flamecontact.Theshrinkageresultingfromsuchflamecontactisshown
by figure17.

Effectoffuelvolatilityonescapetti. -Whenstudyingtheeffect
offuelvolatilityonescapetime,twogeneralfuelspillageconditions
arerecognizedasbeingsignificant:oneinwhicha largequantityof
fuelmist-isevolved,andoneinwhichthefuelflowsfromrupturedfuel
tankstothegoundina tiedominantlyliquidstream.

Intwocrashesi.nwhichtheignitionofl=ge volumesof low-
volatility(0.1lbReidvaporpressure)fuelmistoccurred,theresult-‘
ingfiresdevelopedwiththesamerapidityasthosecrashesinwhich
gasoMnemistsofcomparablesizewereignited.Figures10 (gasoline
fire,test6)and18 (low-volatility-fuelftie,test7) showthefire
result@ whengasolineandlow-volatilityfuelmistsjrespectively,were
ignitedunderessentiallysimilarcircumstances.Thesephotographswere
takenatapproximatelythesametimeafterignitionoccurredandshow
thatthefireshadgrowntoapprodmatelythesamesizeinthesamethe
interval. ..-

Comparisonoftheescapetimesforcrashes6 and7 (tableI) shows
thattheescapetimeinthepilot’scompartmentfora gasolinefire
(crash6)was144secondsas comparedwithonly93 secondsinthesanw
locationfora low-volatility-fuelfire(crash7). Thisresultappears
to indicatethatthe-escapetimeislongerforgasoline.Whencomparing
theescapetimeforthefuselage,however,theescap-etimeassociated
tiththegasoldnefirewasonly53 seconds>whereastheescaPet- for ‘-
thelow-volatility-fuelfirewas92 seconds.Furtherinspectionofthe
datashowsthattheseapparentlycontrad.ictoryresul.tsareexplaiiiiby

. thedifferenceinwinddirectionforthetwocrashes.\ Duringcrash6
thewindwasmme ’nesrlyperpendiculartotheforeandaftaxisofthe
fuselagesothatthemainfuselagewasenvelopedinflamewhilethe

-. —... - —.. . . .
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pilot’scompartmentwasnot. Forthisreasontherewasa differenceof
about90 secondsintheescapetimebetweenthetwopositions.Thewind .
conditionsduringcrashfire7,ontheotherhand,weresuchthatthe
pilot’scompartmentandfuselagewerebothenvelopedinflameandthe
escapetimeswerenearlyequal.Comparisonofthedatafromthese
crashesthusgivesno indicationof significantescape-theadvantageto
be gainedfromdecreasingthefuelvolatilitywhenlargevolumesoffuel
mistsreignitedanda largeflashfirefollows.Thelargequantityof
heatreleasedby thefuel-mistfireraisesthetemperatureofthefuel
tankenwlxonmentabovetheflashtemperatureofthelow-volatilityfuel
andmostoftheadvantageexyectedfromreducedfuelvolatilityis lost.

Whenfireinvolvesfuelsofdifferentvo~tilityspilledonthe
wound in liquidform,however,thereisa differenceintherateoffire
development,andthusa differencein escapetime. Infigure19are
shownthetime- fuselageskintemperaturerelationsforthreefiresin
whichthefuelwasaldmwedtopourtothegroundfromrupturedtanksof
m unburnedwreckeda~lane hulk.Thefuelwasignitedbya torchon
theground.Thedevelopmentoftheftrewasrecordedby motionpictures,‘
andthetimehistoryofthea&planeskintemperatures,by instruments.
Windconditionsandfuelspillageratewereessentiallysimilarinall
tests.In ordertopreservethehulkforsuccessivefires,fireexMn-
guishingwasstartedatthetimefirehadreachedtheundersurfaceof
thewhg, asindicatedonthecurves.

Comparisonoftherateoffuselageskintemp~atureriseforfires
involvinggasolineandlow-volatilityfuelatnearlythesameinitial
fueltemperature(fires1 and2,respectively,fig.19)showsthatthe
low-volati~ty-fuelfiredevelopedlessrapidlythanthegasolinefire.
A correspond@increaseinescapetimewouldresult.Duringthegas-
otie firethefuselageskintemperateincreasedabout800F permin-
ute,whereastherateforlow-volatilityfuelwas45°F pertiute.
Thegasolinefiredevelopedsorapidlythatitreachedtheundersurface
ofthewinginabout50 seconds.A timeintervalofalmost200seconds
wasrequiredfcmthelow-volatility-fuelfiretoreachthesamerelative
size.Thefinalfusekqgeskintemperateresultingfromthegasoline
firewaslessthanfortheluw-volatility-fuelfireonl.ybecausethe
gasolinefirewasof shorterduration.

Whentheinitialtemp=atureofthelow-volatilityfuelwas
increased(fire3,fig.19),theescape-timebenefittobe gainedby
usinglow-vapor-pressurefueldecreased.Duringfire3 theinitialfuel
temperaturewasapproximately85°F as c&paredwith60°F forfire2.
Shortl..ybeforethefirewasextinguished,therateoftemperaterise
ofthefuselageskinwaspracticallyequalinthetwoe.qeriments:75°F
pertiute forthelow-volatility-fuelfireas comparedwith80°F per
minuteforthegasotiefire..Furthermore,cmparisonofthetimesat
whichthefirehadreachedtheundersideofthewingindicatesthatthe
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85°F low-volati13ty-fuelfirehadreachedthesamestageofdevelcqynent
in75 secomhthatthe@solinefirehadreachedin60seconds.While
itisdifficultto generalizefromoneexperiment,theresultsappearto
showthatincreasingtheinitialfueltemperatedecreasestheescape-
timeadvantageofthelowervola.tilltyfuel.

ToxicGases

Theconsumptionofcabinoxygeninthefireandthegenerationof
toxicccmibustionproductspresenta swvivalhazardinadditiontothe
heatreleased.Carbonmonoxide,carbondioxide,aldehydesjfuelfumes,
andsmokefromburningfuelandoilaregenerallyconsideredtobe the
mostplentifulandhazardousoftheconibustionproductsthatmaybe
produced.Othertoxicgasescanbeformedfromtheburningofdoped
fabrics,interiortrim,andelectricalinsulation.Thegasesinthis
lattergoup werenotencounteredinthisstudy.

Physiologicalcriteria:carbonmonoxideandoxygendeficiency.-
Thepresenceofcarbonmonoxideandstinormaloxygenconcentrationboth
resultinanoxia(anoxemia);thereforetheeffectsofthesetwogases‘
willbeconsideredtogether.Csrbonmonoxideproducesanoxiaby com-
biningwiththehemoglobintoformcarboxyhenmglobinandthusreducethe
oxygen—arrylngcapacityoftheblood.Thephysiologicaleffectsof
increasingthecarboxyhemoglobinconcentrationinthebloodstreamare
shownintableII. Thistableshowsthata carboxyhemoglo%inconcentra-
tionof30percentresultsinimpairedjudgnentandfaintingifany
considerableexertionisattempted,whileconcentrationsbetween40and
50percentresultinfaintingandcollapseonslightexertion.Since
anyescapeattemptmayinvolveexertioncomparablewithlightwork,a
concentrationof 35percentcarboxyhemoglobinb thebloodstreamwas
chosenas limitingtheescapetime.

Thefactorswhichdeterminecarbonmonoxideabsorptionrateare
presentedinreference8. Inthisreference,itisshownthattheper-
centageof carbo~hemoglobininthebloodstreamdependsuponthecsrbon
monoxideconcentration,thedurationoftheexposure,smdthevolumeof
airinhaledperunittimeby exposedpersonsasdeterminedlytheir
activity.Thevolumeofairinhaled~=unittimeisusuallycalledthe
“pulmonaryventilationrate,”butwillbedesignatedtheventilation
rateinthisdiscussion.Thecarbonmonoxideconcentrationandduration
of exposurearefactorsaffectedby thecircumstancesoftheaccident
andresultingfire.Theventilationratedepe@ uponthetypeofwork
beingdone.Forthisanalysis,ithasbeenassumedthattheventilation
ratewouldbe equaltothatresultingfromlightwork.Reference8 also
showsthata decreaseintheoxygenconcentrationhaslittleeffectupon
therateof carbonmonoxideabsorptionrateexceptforchangescausedin
theventilationrateby decreasesinoxygenconcentration.Therateof
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csrbonmonoxideabsorptionwasthereforecorrectedfortheincreased
ventilationrate.Thedetai~ofthesecalculationsandcorrectionsam
shownh appendixB.

.

Physiologicalcriteria:carbondiotide.- Therebtivelyshort
exposuresto carbondioxideof lessthan10to 15minutesdurationresult
inano=a,irritationoftheeyesandrespiratorysystem,increased
breath@ rate,faintness,andfinally,unco~cio~ness.Thephysio-
logicaldatarep~rtedforcarbondioxide(ref.9) showthatthetimeof
usefulconsciousnessdependsupontheconcentrationofcarbondioxide
anddurationofexposure
concerningtneeffectof
holdof consciousnessas
infigure20.

Sincecurve2 (fig.
atedby mostindividuals

butdonotindicatea sharplydefinedthreshold
abnormalconcentration.Curvesofthisthres-
interpretedbyvariousinvestigatorsareshown

20)indicatestheconditioni”thatcanbe toler-
andis littlemoreseverethanthelimitschosen

by SpealmaaorK@ (ref.10),thiscurvewaschosenasthebasisfor
escapetimecalculations,althoughtheresultsmayindicateshorter
escapetimesthanwouldactua13yexist.Theescapettiesweredetermined
by thegraphicalmethodrecommendedinappendix1 ofreference9. This
graphicslmethodissoarrangedthat the quantityofcarbondioxide
inhaledunderthevaryingconcentrationsthatoccurduringa fireis
equatedtothemaximumthatcanbetoleratedas indicatedbythetoler-
ancecurve.

Historyofgasconcentrationsandassociatedescapetimes.- Because
ofthedifficultyexperiencedinobtainingsamplesofthecabinatmos-
phereduringthefirefollowinga crash,itwasnecessarytoobtainthe
informationontheconcentrationsoftoxicgasesintheairplaneby
settingf@e to thehulksofairplanesthatdidnotburnwhenpreviously
crashed.Thefireswerearrangedtofollowthesamehistoryasthe
crashfiresobserved.

Timehistoriesofthecarbon-monoxide,carbondiotide,ando~gen
concentrationsinthepilotandpassengercompartmentstogetherwiththe
associatedescapetimesforthesehulkfiresareshowninfigure21. For
comparisonwiththesegasconcentrationhistories,thecanpositionof
singlesamplesofthecabinatmosphereobtainedduringthreecrashfires
isshownintableIII. Thesesampleswereobtainedat varioustimes
aftercrashimpact,as showninthefourthcolumnofthetable.

Inspectionofthegasconcentrationhistoriesandoftheisolated
valuesgivenintableIIIshowsthatthecompositionofthecabinatmos-
pherecanvarywidelywithtimefromcrashto crash.Duringthetwo“
hulkfires(fig.21)thecarbonmonoxideconcentrationreacheda maximum .
valueof-appromtel.y4 percent.Thecrashfiredatashow,however,
thathighercarbonmonofideconcentrationsarepossible,sinceonecon-
centrationof12percentof carbonmonoxidewasmeasured.Ccmibustion
studiesindicatethatsuchconcentrationsarepossiblewhentheoxygen
supplyislimited.

.-



NACATN 2996 u

Themaximumcarbondioxideconcentrationencounteredwasapproxi-
mately15percentintheforwardpartofthecabininhulkfire1 and
occurredatthetimeof lowestoxygenconcentration(5percent)forthis
particularposition.Theminbumoxygenconcentrationencounteredwas
lessthan1 percentandoccurredatthesamelocationandtimeatwhich
the12percentof carbonmonotidewasencountered.

Theescapetimesestablishedbythechosencriteriaandbasedon
theconcentrationsmeasuredduringthehulkfiresarelistedintableIV.
Forpurposesofcomparison,theescapetimesas limitedbya second-
degreeburnarealsoincluded.Thesecond-degeeburnescapetimesfor
thesehulkfiresrangefrom55to 319secondsandarecomparablewith
thoseobtainedduringthecrashfiresandlistedintableI.

Theescapetimesas 13mitedbycarbonmono=depoisoningexceeded
300secondsinbothhulkfires(tableIV). Therelativelylargeescape
times,as comparedwiththermalinjury,associatedwithcarbonmonoxide
stemfromthefactthatcarbo~hemoglobinisformedonlywhencarbon
monoxidereplacestheoxygenas itisusedby thebody. Sinceabout
35percentoftheoxyhemoglobininthebloodmustbe convertedto
carboxyhemoglobinbeforefaintingoccursuponslightexertion,the
escapeth canbe expectedto exceed1 minuteeventhoughcarbonmon-
oxideconcentrationsoftheorderof12percent,themaximumshuwnin
tableIII,existcontinuously.Althoughtheescapetimesas limitedby
carbonmonoxidepoisoningarelongerthsnthoselimitedby thermalskin
injwy,thedifferencedoesnotjustifydisreg=dingcarbonmonoxideas
a hazsrd.

Thephysiologicaltolerancelimitforcarbondioxidewasreached
onlyonceduringthe10-minutesamplingperiodforthesetwofires.In
thisonecase,theforwardcabinofhulkfire1,thecarbon~dioxide
escapetimewas365secondsas comparedwith398secondsforcarbon-
monoxl.depoisoningand151secondsfora second-degreeSW burn
(tableIV). Inno casedidcarbondioxideLimittheescapetime;thus
csrbondioxideisnotconsideredsoimportanta hazardas eithercarbon
monoxidepoisoningorthermalinjury.

Thefreehydrocarbonconcentrationsshowninfigure21indicate
thatfuel-airmixturesnearthecofiustibl..erangeexistattimesinsome
ofthepassengerandcrewcompartments.Theseconcentrationsaredueto
therapidevaporationoffuel,hydraulicfluid,andoil. Thedestruc-
tivedistillationd woodsometimesusedinthefloorstructurecanalso
producehydrocarbonvapors.Underhydrocarbonconcentrationconditions
shown,firecanspreadintheoccupiedcaqartmentswithexplosive
rapiditywhenthefuel-atimlrturereachesthecombustiblerange.Fig-
ure22 showstheflamefromsuchanexplosionescapingthroughthefor-
wardfuselagedoor.

. . . .. _.. _ —.——
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Hums.nexposuretohydrocarbonvaporsinthesmallerconcentrations
eventhoughfiredoesnotoccurcanresultinanesthesiaandisfatalif
theconcentrationislargeortheeqosureistoolong.Gasolinevapor

●

concentrationsof2 to3 percentarefatalforshortexposmes(ref.11).
Theexacttimewtselimitsarenotspecified,however;thus,theeffect
oftheconcentrationsrecordedinthesefirescannotbe evaluated.

Smokeandaldehydes.-Bothsmokeandcertainofthecombustion
productswhichareirritatingtotheeyecaninterferewithvisionand
makeescapedifficult.Motionpicturesofthecabininteriorduringa
fireshowedthatevenstronglyilluminatedobjects20feetawaycould
notbe photographed10 secondsaftersmokebeganenteringthecabineven
thoughtheopeningadmittingthesmokewasonly2 feetb diameter.
Sincefuselagewalb canburnthroughinas littleas 1/2minuteunder
conditionsinwhichtheairplaneisnotinmotion,smokecanbeginto
reducevisibilityinsidethefuselagea shorttimeafterfirestarts.

Theodorofcertaingassamplesindicatedthataldehydeswere
presentinpassengerandcrewcompz%ments.Analysisofonesampleindi-
catedEUaldeh.ydeconcentrationofapproximately1/2of1 percent.In
thisconcentration,aldehydesareveryirritatingtotheeyesandrespir-
atorysystem(ref.n). An escapet- as limitedbythevarious
aldehydescouldnotbe calculatedbecauseofinsufficientphysiological
data.

Escapeavenues.-Motionpicturesofthefireswerestudiedto
determinewhereescapeavenuesthroughtheexteriorflamearemostlikely
tobe located.~ general,theavenuesthroughwhichescapewouldbe
possibleandthetimeint=valduringwhichtheseavenuesremainopen
aredeterr@edby threemajorfactors:

(a)

(b)

(c)

Thecircumstancesofthefuelspillage,which,inturn,deter-
minewhetheroneorbothsidesoftheairplaneareinvolvedin
ftie,thelocationofftrewithrespecttothefuselage,and
whetherthefirereceivesa stronginitialimpetusorbuilds
UPg~~u

Thedesignoftheairplane,whichdeterminesthelocationof
thebulkoffuelwithrespectto theoccupants

Thew3ndtiectionwithrespecttothefireandfuselage

Duringtheftiesstudied,thefuelspillagecircumstancesweresuchthat
fireexistedonbothsidesoftheairplane.Insomeofthecrashes,the
fuelmistwasignitedandprovideda stronginitialimpetussothatthe
firesbuiltuprapidly.Thefuelwaslocatedoutbosrdoftheengine
nacelles,andthewingswereattachedtothefuselageata position
alongthelongitudinalsxistypicalofpresent-daycommercialtransport
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aircraft.Thewindvariedfroma lightbreezeto onehavinga speedof
about15milesperhourandusuallyhada tailwindcomponentbecauseof
thenecessaryorientationofthecrashsitetithrespecttotheprevail-
ingwinddirection.Theseconditionsthusresultina fairlyseverefire
withrespecttothepossibilityofescape.

Theescapeconditionsforfourtypicalcrashesareshowninfig-
ure23. Duringcrash1 (fig.23(a)),escapewaspossibleinonedirec-
tionoranotheratalltimesduringthe5-minuteintervalstudied.The
-d escaPeroutetotheri@t re~was opencontinuouslyafterthe
initialLyspil.ledfuelhadburnedaway.Theappearanceofthisescape
avenueisshowninfigure24(a).Duringcrashfire3 (fig.23(b)),an
escaperoutetotheleftfront(fig.24(b))wasopencontinuouslydur-
ingthe5-minuteinterval.Theupwindroutetotheleftrearwasopen
foronly1 minutebecausefuelspillingfromtherupturedtanksandfuel
systemrutig downtheslopeuponwhichtheairplanecanetorest
reenvelopedtheaftpartofthefuselageandwouldhavepreventedfurther
escapeinthisdirection.Theescapeavenueexistingduringthis
l-minuteintervalisshowninfigure24(c).Duringcrashfire6
(fig.23(c)),anescapeavenuetotherightfrontexLstedcontinuously
aftertheinitialflashfireinvolvingthefuelmisthadburnedaway.
Duringcrashfire7 (fig.23(d)),exceptforthe10-to 15-secondinter-
valsindicated,escapewasalsopossibleoutofeithersidetotherear
afterthefuelmisthadburnedaway.Figmes24(d)and(e)showthe
escapeavenuesduringthesetwocrashfires.Althoughthisanalysis
indicatesthatescapeavenuesexisth the~jorityofcrashfires,this
resultmustbe qualifiedto someextent.Ian&lngsandtake-offsare
normallymadeintothewind;consequently,ifanaccidentoccursand
firespreadsrapidlytobothsidesoftheairplane,flamewouldbe
carriedpastthemainpassengercompartmentdoors,effectivelyblocking
escapetuwardtherear.Furthermore,passagethroughtheforwardendof
thefuselageandthencethroughescapehatchesandintoa forward
escapeavenueisfrequentlyobstructedby galleyequipment,baggage
storage,andcrewaccommodationspluspossfbledamageto theforwardend
ofthefuselage.Undersuchcircumstancesescapefrommanypresent
transportairplaneswou.ldbedifficult.Thisqualification,however,
doesnotchangethefactthatescapeavenuesexistwithsufficientfre.
quencythatmeasuresforincreasingtheescapetimeinsidethefuselage
arejustified.

Rigorousspecificprocedurestobe followedinseekinganescape
avenuecannotbe formulatedonthebasisoftheserestits.Thestudyof
variousescapeavenuesdiscussedinthepreviousparagraphsindicates
that,generally,themostlikelylocationofescapeavenueswillbe
towardtheupwindportionsoftheairplaneunlessfireexistsononly
onesideofthefuselage.Thisresultcanalsobe extensivelymodified,
however,by thefuelspillagepatternandtheairplanedesign.AR
exampleof.theeffectoffuelspillagepatternisshownby a comparison



16 NACATN 2996

oftheescapeavenuesforcrashfires6 and7,inwhichthewindand
terrainconditionsweresimilar.Theescapeavenueforcrashfire6
(fig.23(c)) istowardtherightfront,whileforcrashfire7
(fig.23(d)) escapewaspossiblefromeithersideoftherearendofthe
airphme,bothupwindanddownwind.Studyofthemotionpicturesof
thesetwofiresshowsthatthisdifferenceinpossibleescaperoutesis
theresultofdifferencesinfuelspillagepatternc~usedbyvariations
titheetientoffueltankdamage.Inthecaseofairplaneswiththe
wingandfueltankswellforwsrdwithrespecttothefuselage,themost
feasibleescaperoutecouldbetowardtherearbecauseoftheprotection
atfordedbythefuselage,whichtogetherwiththeconvectiveliftingof
theflamewouldallowoccupantsto escaperearward andunderneaththe
flameeventhougha headwindexists.

Missiles

Themotionpicturesofcrashesandthepost-crashexaminationof
airplanesthatwerecrashedwi.thotiburningMicated thehazardimposed
by detachedairplanepartsandexplosion-propelledfra~ents.No data
wereobtainedconcerningthehazardresultingfromnormallyunattached
cabinequipmentorequipmenttornfromitsmooringswithintheairplane
thatbecomemissilesundertheeffectof impactdecelerations.Allsuch
equipmentwassalvagedfromtheairplanesbeforethecrash.

Detachedpropellerparts.- Theimpactofhollowsteelpropeller
bladeswithan obstaclewiththeenginesattake-offpowersometimes
causestheentirebladetotwistoutofthehti,as shownby figure25.
In someinstancesdetachedbladespassedthroughbothcabinwallsand
thentraveled400to500feet.Figure26 showstheholesmadeinthe
upperpartofthefuselageby twodetachedbl.ades.

Forgedaluminumbladesgenerallydonottwistoutofthehubsbut
thetipsbreakoffandbecomemissiles(fig.27). It shouldbenoted
thatthepropellersectionshownisa psrtbrokenfromthebladeafter
thetiphadalreadybeenremoved.A singlebkademaythusprovidemore”
thanonemissile.Occasionallyanaluminumbladebreaksattheshank.
Thefly5mgbladefragmentsgenerallypenetrateonefuselagewalland
thenricochetfromtheoppositewallor othercabinstructure.Fig- J
ure28showsnineholesmadeinthewallofa fuselageby fragments
_ therightpropeller.

Sincethepropellersoftheairplanesusedinthisstudyrotatein
a clockwisetiectionjthedistributionofdamagetothefuselageby
propeLlerparts(fig.29)indicatesthatpartsbrokenfromthepropellers
separatefromthehuborparentbladeina halfrevolutionor lessafter
an obstaclehasbeenstruck.!Chedirectionofmotionof suchpartsis
thusd+erminedbythedirectionofmotionintheluwerhalfofthe

.
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propeller.Turningpropellersinsucha tiectionthatthemotionof
thebladesbelowthecenterofrotationisawayfromthefuselagewould
reducetheprobabilityofpropellerfragmentsenteringtheajrplane.
Thepropellerfragmentsbrokenfromthebladeupongroundimpactwould
thenQavean initialimpulsedirectedawayfromthefuselage.

Landinggeaxparts.’-Frontlanding-wheelstrutandsupportstrut-
turebrokeninthecrashimpactcanpenetratethefuselage.Figure30
showsa holeapproximately2 by 3 feettorninthefloor20feetaftof
thenose-wheellocationbythebrokenfront-wheelstrutandguideslip-
perwhichis attachedtothestrutinplaceofthefrontwheel.These
partscamethroughthefloorathighvelocity,strucktheinstrument
box,andreboundedtothepositionnearthefrontdoorshowninfig-
ure31. Anotherexampleoffloordamagecausedbydestructionofthe
frontlandinggearisshownby’figure32. Figure33 showsthedestruc-
tionofthebulkheadtowhichthelandinggearisattached.Thisstruc-
turecametorestpracticallyh thedunuuy’slapandtheentirefloor
wasraisedapproximately3 feet.A p=son seatedinthislocationwould
certainlynothavebeenableto escapeseriousinjury.Itisexpected
thatdestructionsimilartothatshowninthesefigureswouldresultif
thefrontlandingwheelandstrutwereto CO~de witha solidobstacle
duringa forcedlanding:Thehazardfromdislodgedlanding-gearparts
isminimizedifthecrashoccurswiththelandinggearretracted.

Explosions.- Theexplosionof largequantitiesoffuelvapor- air
mixturesthatmaybeformedwithinthewingsfollowingdamagetothe
fuelsystemtiyspreadflamingfuelandwingpartsoverdistancessev-
eralthnesthe”winglength.Wingexplosionsmayoccuriftheinitial
ignitionisdelayeda sufficienttimeforconsiderablemixingoffuel
andairto occurinthewing. Theviolenceofsuchexplosionsis shown
by figure34. Thesethreephotographsshowanexplosionandtheresult-
-Wing-structuredamagewhenanexplos+ve~ure inthewingpand
outboardofthefueltankswasignited4* secondsafter@act.

Oncethewingfuelisburningthelikelihood~ explosionsdeclines
andtheexplosionsofpocketsoffuel-airmixturesthatdooccurare
seldomof sufficientviolencetoprojectwingpartsintotheairorto
scatterflamingfuel.Dsmageunderthesecircumstancesisusuallylim-
itedtotearingofthewingskin.Figure35 showstheeffectofa wing
explosionthatoccurredafterthemainfire@d beenburningforabout
9 minutes.

Theexplosionofhydraulicequipment,suchas struts,actuating
cylinders,andaccumulators,containingtrappedliquidsusuallyoccurs
afterthefireiswelldeveloped.Becausethesemembersofthehydrau-
licsystemaremassive,theycanwithstandtheheatofanintensefire
forseveralminutesbeforeexplosivefailureOCCWS. Theaccumulated

.
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partsofa hydraulicstrutcylinderthatexplodedina crashfireare
showninfigure36. A fragmentofhydraulicstrutcylinderwallthat
waspropelledabout150feetwhenthestrutexplodedisshowninfig-
ure37. Theclang=to airplaneoccupantsfromthissourceisparticu-
larlysignificantbecausemanycomponentsofthehydraulicsystemand
occasionallylargequantitiesoffuelsrecarriedwithinthefuselage.

StructuralDestructionofOccupiedCompartments

Theatiplanesthatdidnotbwn werealsocarefullystudiedfor
informationconcerningthehazardstowhichoccupantswouldbe exposed
whenthestructwesurroundingandsuppmtimgtheoccupantsisdamaged.
Thedamagethatresultedinthesecrashescanbe consideredtypicalof
a moderatelyseverewheels-upbellylanding.

Floor-structuredamage.- Thefloorstructureofthelow-midwing,
twin-enginetypeairplaaeisnotdamagedwhenthelandingismadeona
solids&faceMke &y orfrozen~oundoronpavant. Thefuselage
skinsup~ortingstructmeandthenacellestructuresdeformandabsorb
thelandingshock,thusprotectingthefloorandupperfuselagestruc-
ture.Figme 38showstheexteriorofsucha fuselageandshowsthat
therewasnoappreciabledeflectionofthefloorline.

Aircrafth whichthefloorandthefuselageskinareattachedto
thesanestructuralmenibersareconsiderablydamagedwhens~jectedto
bellylandingconditions.Theentireverticalimpactandslidingfric-
tionforcesarehposedonthisstructure.Whenthelandingismade
upona solidsurfacelikea pavedrunwayorharddryorfrozensoil,
structuraldistortionsuchas shownby figures39and40occurs.The
sidefrsmeandfloorsupport
connectingthesetwomenibers
beltsforfuselageoccupants
floorsupportmembersinthe
bulgedupwardslightly(fig.
dangerousto occupants. -

maibersbend,allowingthecornerbent
torotate(fig.39). Theseatsandseat
areattachedtothiscornerbent. The
frontendofthefuselageareusually
40) . Thissmalldistortionisnot

Ifthelandingsurfaceissoftandyieldinglikemudandisseveral
inchesdeep,thefloorstructuremaybe severelydamaged.Loosemate-
rialentersthefloorstructurethroughthefrentlanding-gearopening
orthroughbreaksinthefuselageskinandpacksintothespacesbetween
thefuselageskinandfloor,thusdistort~andbulgingthefloorstruc-
ture.Extremeexamplesof suchdamageareshowninfigure41. The
floorwasbulgedupwardfrom2 to3 feetandthecornerbentwasrotated
from20°to 30°fromitsoriginalposition.Furtherrotationofthis
cornerbentoccurswhentheairplaneissubjectedto sideloadsthatin
turnimposefurtherverticalloads.onthestructure.Sucha situation
isshowninfigure42. Inthiscasethecornerbenthasbeenrotated

— — —
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from90°to about1.20”fromitsoriginalposition”andattherearappesrs
., abouttofoldunderthefloor.Thehazardto occupantsundersuchcir-

cumstanceswoulddependupontheextenttowhichthecornerbenthas
beenrotatedandthelocationoftheoccupantwithrespecttothedamage.

Lderalcollapseoffuselage.- Lateralcollapseofrectangular
fuselagestructuresusedin somecargoaircrsftmayoccurifthefuse-
lageisstijectedto sideloadssuchaswouldresultif~ airplanewere
involvedina ground-loopaccidenttithe mainlandinggearcollapsed.

Incipientfuselagecollapsewasnotedh onecrashinwhichthe
airplanewasplacedina groundloopby removingonlyoneofthemain
landinggearassembliesatthecrashbarrier.Theothermainlanding
gearwasleft~ed.

“Thedamageresultingfromthelateralloadonthefuselageis shown
infiguxes43(a)and(b). Theverticalwallmenibersweretornawayfrom
theceilingmeders(fig.43(a)),andseveral.verticalwallmenibers
showedbucklimgandshear~ (fig.43(b)).Infigures43(c),(d),and
(e)areshowna furthercollapseofthefuselagestructwewhena second
a~lane was~ound loopedabout120°fromitsoriginaldirectionafter
bothmainlandingwheelswereremoved.Theverticalwall~?iberswere
buckledas shownby figure43(c),severalo-ftheverticalmeniberswere
tornawayfromtheceilingmenibersascanbe seeninfigure43(d),and
thefuselagewallwasbulgedanddistortedas shownby figure43(e).
Theinstrumentbox,by supportingthefuselageceiling(fig.43(c)),
preventedthefuselagefromcollapsingcompletely.

CONCLUDINGREMARKS

Theimplicationsofthedataandresultspresentedinthepreceding
se”ctionsshouldbe consideredwithrespecttoairplaneconstructionand
operation.Certainremedialmeasuresmaybe suggestedthatwould
increasethetimeavailableforescapeormaketheescapelessdifficult,
Theresultsofthisstudyindicatethatapproximately50 secondswould
be availableforescapeinallbutthemostseverefires,althoughin
somecasespassengersmustmoveawayfromareasofburned-throughfuse-

lageskininasfewas7; seconds. .

Ofthepossibleprotectivemeasuresthatcanbe suggested,the
datapresentedhaveshownthat
vialedby thepresenttransport

additionalescapetimecannotbepro-
soundandthermalinsulation.Therefore,

-— -—- -z .__.
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thesubstitutionofothermaterialsthat
flameandgasbarrieraswellasthermal
considered.

In ordertoextendtheescapetime,

NACATN 2996

couldserveas anadequate
andsoundinsulationshouldbe

sucha proposedheat,gas,and
soundbarriermustsatisfydefiniterequirementsinadditiontothatof
thermalandsoundinsulation.Studyofthevariousmodeswherebyheat
istransferredfromthefiretotheoccupantsshowsthatmorethanhalf
theheatabsorbedby theexposedhumanskinistransmittedby radiation;
thusthebsrriermustreflecta largepercentageoftheinfraredradia-
tionfromthefire.Thebarriermustalsobe essentiallygastightin
orderto excludeflame,hottoxicgases,andsmoke.Moltenmetalfrom
themeltingfuselageskinmustnotdripthroughontheoccupants;there-
fore,theinsulationshouldbe ableto supporttheweightofthemolten
metalthatdripsonit. A barriersatisfyingtheserequirementswould
alsohavetheadvantageofexcludingthesteamformedby theuseofwater
inrescueoperations.Sincemeltingofthefuselageskinandhorizontal
stringerswouldleaveonlythemainframesandbulkheadsto supportthe
barrier,itmusthavesufficientmechanicalstrengthto supportitself
betweentheframesorbulkheads.TheBureauofStandardshasconducted
exploratorytestsonvariouscombinationsofintumescentpaint,insula-
tion,andmetalfoilforbsrriersthatmightincreasethefireresist-
anceofthefuselage.Theresultsindicatethatthefireresistanceof
anaircraftfuselagecanbe modified,butthedifferencesobtainedwith
thematerialsusedinthisstudywerenotofsufficientvalueto justify
detailedconsiderationatthisthe.

A firebarrieralone,however,isnotsufficienttoprotectthe
occupantscompletelyandmustbe supplementedby otherairplanemodifi-
cationstopreventheatandgasesfromenteringby otheravenues.The
windowpanematerialmustbe firereistanttopreventheatfromdestroy-
ingitandpermittinghotgasesandsmoketo enter.Somemeansof
excludingtheradiantheattransmittedby thewindowsshouldalsobe
provided.Flame,hotgases,andsmokecanalsobe carriedintothe
fuselageby convectionthroughopeningsatthejunctureofthewingand
thefuselagestructureandthroughheatingandventilatingsystems.
Thissituationcallsforadequateflameandgasbarriersinsidethe
structurebetweenthewingsandtheoccupiedpsrtsofthefuselage.

Therapiditywithwhichthefuselageskinburnsthroughifflameis
incontactwiththefuselagewhiletheairplaneisinmotionshowsthat
thepassengercompartmentsandfueltanksshouldbe sepsrated.asfaras
practicableina spanwisedirectiontopreventtiectflamecontactwith
thefuselage.Widespanwiseseparationisnotof itse~sufficient,
however,iffuelcandrab downthroughthewingstructureintothe
fuselagebellyorwingcentersectionandthusspreadfiretotheoccu-
piedcompartments.A meansofpreventingsuchfueldrainageshouldbe
@aced insidethewingstructureinboardofthefueltanks.
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Theactionofpainasa limitforescapetimehasbeendiscussed,.
Therearetwoothercircumstancesinwhichpaincanbe a factorin
hinderingorpreventingtheescapeofairplaneoccupants:Heatcon-
ductedfromtheexteriororabsorbedby convectionandradiationfrom
theinteriorcanraisethetemperatureofdoorandescapehatchhandles
to thepointwherepassengerscannottouchtherewithbarehands.Since
thepainresultingfromtouchingmetalata temperatureofabout113°F
willbe practicallyUnbearable(ref.4),littleheatneedbe absorbed
toat leasthinderthemanipulatingoftheseparts.me secondcirc~-
stanceinwhichpaincanhinderescapeariseswhenoccupantsmustface
directradiationfromexteriorflamewhileescaping.Exposuretothe
intenseradiationmy producesuchfacialpainthatescapewillnotbe
attempted(ref.4). Awwo~ctive ~terialsuchasclothing,ctiains,
blankets,orrugsthatcouldbeusedto shieldan occupant’sexposedskin
fromdirectradiationfora fewsecondswouldfacilitateescape.The
useofsuchmaterialcouldbe suggestedtopassengersby thecrewmem-
bersaspartoftheevacuationprocedure.

SUMMARYOFRIKXJLTs

Theresultsofthisstudyofhumansurvival
followedbyftieshouldbeconsideredapplicable
areessentiallysimilartothecrashesstudied.

inairplanecrashes
onlytoaccidentsthat

1.Fortheseverecrashfiresstudied,thesurvivaltimesas lim-
itedby painor skinburningrangedfrom50to300seconds.Thisvari-
ationin surtivaltimedependsprimarilyontheareaofzonesaroundthe
airplanewettedby theburningfuel,theslopeM theterrainnearthe
airplane,andthewinddirectionwithrespecttotherelativepositions
oftheftieandthea-lane. Duringthesecrashfires,allfuelwas
carriedoutboardofthenacelles.Inexperimentsinwhichfuelspillage
occurredinboardofthenacellesattheforwardpartoftheairpwe,
therewasdirectcontactbetweentheflamesfromthisfuelandthefuse-
lageskin. Inthesecircumstancesthefuselageskinburnedthroughh
about7*,second.s.Thissituationwouldgiveminimumsurvivaltimes
appreciablylessthan50 seconds.

2.Becausetheescapetimesdet~ed inthisstudyforthehazards
ofskinburning,respiratoryinjury,andtoxicgasesdonotdiffer
greatly,protectionmustbe providedagainstallthreeifa significant
increaseinescapetimeistobe rode.

3.Thethermlandsoundinsulationpresentlyusedintransport
airplaneswillnotincreasetheescapetimeappreciablyandmaydecrease
theescapetimeslightly.

—— ———.— . . ———— -- . ..—
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4.Decreasingthefuelvolatilitywillextendtheescapetimewhen
thefuelis spilledinessentiallyliquidformbutisoflittlebenefit
when@ge quantitiesoffuelmistareformedby fuelspillagefroma
rapidlymovingairplahe.

5.%opellerfragmentslaunchedbyimpactofrotatingpropellers
withthegroundwouldhavea reducedprobabilityofenteringtheairpke
iftherotathgbladesmovedawayfromthefuselageintheirtravelbelow
theaxisofrotation.Thepropellerfragmentsbrokenfromthebladeupon
goundimpactwouldthenhavean initialimpulsedirectedawayfromthe
fusela.ge.

LewisFlightFropUion Laboratory
NationalAdvisoryCommitteeforAeronatiics

Cleveland,Ohio,May1,1953

.

—.—— — ——...——_
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APPENDIXA

METHODOFCOMPUl~GESCAPETIMEBASEDONPAINANDSECOND-DEGREli

BURNSAS LIMITINGCRlIE3RIA

Prepainescapetime.- Theseverepainaccompanyingextensiveskin
burnscanpreventhumanbeingsfromfunctioningrationallywhenexposed
tofireandthuspreventpossibleescapefroma burningairplane.Pain
canthereforebe usedasa criterionforestablishinga Limittothe
timeavailableforescape.

Experimentsconductedwithhumanbeingsexposedtoradiatingheat
sourcesshowtherelationbetweentheintensityof infraredradiation
anddurationofa continuousexposuretothisradiationthatcauses
unbearablepain(ref.4). A sumaryofthesedataastheyapplyto the
problemofcomputingthetimeavailableforescapefroma burningair-
planeisplottedinfigure6 (prepaincurve). Thisfi~e isa mtii-
cationoffigure3 fromreference4. Theheatabsorbedby thesldn
duringa continuousexposureisplottedagainstthetimeatwhich
m.ibesrablepainoccursinsteadofinfraredradiationintensityagainst
timeas intheoriginalfigure.

Theuseoffigure6 fordeterminingtheprepain-escapetime
requiresthattheheatabsorbedtimecurvefora particularcrashand
passengerpositionbe plottedonthefigure.Theescapetimeisthe
timeatwhichtheheatabsorbedcurvereachesthelowerpaintolerance
cuzve.

Inthesecrashfirestudies,theratewithwhichheatisabsorbed
by theskin.byradiationfromflamesandhotsurfacesandby convection
fromtheairisobtainedby
thecopperbulbcalorimeter
radiantheatabsorptionper
well-knownexpression

/dQ\

calculationfromthetemperaturehistoryof
inthefollowingmanner.Thenetrateof
unitareaof skin (dq/dt)Risgivenby the

=R - ~seT4). ‘skin

whereR istheheatradiatedperunittimeforallzonestowhichthe
skinisexposedand (se@)sW istheheatradiatedby theperson’s
skin.Theheatabsorptionratetotheskinby convectionwiththeatmos-
phereisgivenubytheequation

.———.
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Therefore,thetotalrateofheatabsorptionby thesldnisgivenby

dq
()a = R - (seT4)~ti + K (Tati- Tsti) (1)

total

Inthisequation

MuFEtotal
R

s

e

T

K

‘air

heatabsorbedby skin,cal/(sqcm/min)

radiantheatabsorptionby skin,cal/(sqcm/min)

Stefan-Boltzmannconstant,8.2X10-U cal/(sqcm/min/%@)

wmissivity

temperatureofskinsurface,OK

convectiveheat-transfercoefficient,cal/(sqcm/min/°C)

aribientairtemp=ature,‘c

Theterm R inequation(1)representstheonlyunlmownifthe
skintemperatureisassumedconstant.It canbe shownthatthisassump-
tionintroduceslittleerrorwtthintherangeof skintemperaturesbeing
consideredandisth~eforejustified.Since,theabsorptivityofhuman
skinandofthecalorimeterbulbareessentiallyequal,thevalueof R
isthesamefor.thecalorimeterandhumanskin.Thevalueof R can
thenbe computedfromtherecordedcalorimetertemperaturehistoryby
usingtherelationexpressedinequation(2). Theradiantenergyto
whichthecalorimeterbulbisexposedispartlyabsorbedby thebulbin
raisingitstemperature,partlyreradiatedtothesurroundings,and
partlylostby convectiontothesurroundingairifthebulbisabove
airtemperature.Expressedmathematically,

Inthisequation

w weightof.calorimeterbulbperunitarea,g/sqcm

c specificheat,cal/g

‘cal ‘ccalorimetertemperature,.

‘cal emissivityofcalorimeterbulbsurface

(2)-

.

..



4E NACATN 2996 25

Sincetheradiationtowhicheitherthecalorimeterbulbora human
being’sskinwouldbe exposedisequalandthegeneraldimensionsofthe
bu13andofa humanheadaresimilar,thevalueof R obtainedforthe
calorimetercanbe consideredto applyto a humanhead.Thefinalequa-
tionfortherateofheatabsoz@ionby theskinis,fromequations(1)
and(2),

dq
()m absorbed

=WC~#~cal+(seT’)cal-(s~4)aHn+K (Teal-T~~) (3)

Thevaluesofthevariousconstantsinequation(3)wereestablishedas
follows:

Theweightperunitareaofthecopperspherecalorimeterwas
0.4grampersquarecentimeter.Thefirsttermoftheequationthus
becomes0.0368d!l!ca~dtwhentheweightperunitareaismultipliedby
thespecificheatofcopper. .

Inthesecondtermofequation(3),theemissivityoftheflat-
blacklacquersurfaceofthecoppercalorimeteris0.96to 0.98
(ref.12). Thesecondtermthusbecomes

8.2X10-UxO.97T~al

or

7.95X1O‘n T~al

Theemissivityofhumanskinfortheth3rdtermoftheequationis
0.9,baseduponreferences3 and13. Sincenormalhumanbodytemperature
is37°C andit canbe shownthatdisregardingtheskintemperature
increaseintroducesa negligibleerror,thethirdtermbecomes

-8.2x1O‘UX0.9 (37+273)4= -0.7cal/(sqc@nin)

Thevalueof0.0026fortheconvectiveheat-transfercoefficientK
inthefourthtermisbasedupondatapresentedinreference12. !12his
heat-trazmfercoefficienttakesintoaccountthegeneraldimensionsof
thecalorimeterbulb,which,inturn,approxhnatesa humanhead,and
naturalconvectionairflow.Thiscoefficientalsochangesthetemper-
.aturedifferencetermto a 5/4-powerfunction.
becomes

0.0026(Tcal- 37)5/4

Asseniblingtheindividualtermsgivesthefinal
calculationsas

Thefourthtermthen

equationusedforthese

dq
() ()

= 0.0368~ +7.95Xlo-llf14av cal-0.7+&0026(Tavcd-
m , dt Cal

37)5/’
absorbed

(4)

. -——. ——. .— ._ -—.—m
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4-

By intewationofequation(4)withtime,thetotalheatabsorbed
by a squarecezrklmeterofexposedsldncanbe obtained.A timeinterval
dt varyingfrom2 to 10secondswaschosenformakingthenmerical
integration,thetimeintervalmagnitudevaryinginverse

%
astherate

of changeoftemperature.‘e ‘lWS ‘f ‘avcal ‘d ‘avcal corre-
spondtotheaveragevaluesexistingduringthesuccessivetimeinter-
vals dt chosenforthenumericalinte~ation.Thevaluesofheat
absorbedattheendofthesuccessivetimeintervalsplottedonthesame
coordinateswibhfigure6 givetheprepain-escapet- attheintersec-
tionofthehea$absorptioncurvewiththelowerprepaincurve,as shown
by theexampleforcrash1,leftfrontfuselage.

Second-degreeburnescapetime.-Humanbeingscansurviveextensive
skinburnsunlessrelativelylargeportionsofthebodysurfaceare
involved.Forthosetidividualswhocanfunctionrationallyreg~~ess
ofthepainwhilesustainingsecond-degreeburnsoverareasofthebody
Limitedto exposedskinsuchasface,arms,andlegs,additionalescape
timemaybe available.

Escapethes basedonmidmalsecond-degreeburnscanbe computed
froma bowledgeoftheskintemperaturehistory.Theskintemperature
historyis obtainedby plottingonfigure44theheatabsorbedby the
skin,providedby inte~ationof equation(4)inthemannerjust
described,andnotingthetimesatwhichthiscurvecrosseseachofthe
constantsldn-temperaturelines.Thisskintmpraturehistoryisthen
usedin conjunctionwiththeintegral

rt 75,000

S2 = 3.1x10g8 e- ‘t + 273 dt (5)

fromreference14to determinetheescapetime.A minimalsecond-de~ee
burnhasbeeninflictedwhentheintegratedvalue‘oftheequationis
equalto unity.In thisequationt isthetimein seconds,and Tt
istheskintemperatureattheepidermal-dermalinterface.Theqtepwise
integrationof equation(5)reqwlresthattheskintemperatureTt
correspondtotheselectedtimeintervaldt inorderto evaluatethe
e function.For convenienceinevaluatingthis e function,definite
increasesin skint~eraturewereselectidandthecorrespondingtime
intervalwasobtainedfromfigure44. Fromthestep~seintegrationof
equation(5)a valueof t isthenobtainedatwhichthevalueof ~
isequalto unity.Thisvalueof
a second-degreeburn.An example
inthediscussion..

Figwe 9Awasdevelopedfrom
erence15 in conibinationwiththe

t istheescapethe as Uted by
ofthisprocedureispresentedlater

thedata~esentedintableVT ofref-
prepaindatapresentedby figure6.



NACATN 2996 27

.

TableVI liststhehistoriesofepidermal-dermalint=facetemperatures
resultingfromtheexposureofyoungpigsto variouscticummibientand
cbvmmradianttemperatures.Fromthevariouscircumsaibientandcircum-
radianttemperatureslisteditispossibleto calculatethequantityof
heatthatmustbe absorbedperunitareaofskinsurfacetoraisethe
skintothetemperaturelistedinthetable.Withthequantityofheat
absorbedandtheskintemperature-timerelationsitispossibletoplot
curvesthatindicatethequantityofheatthatmustbe absorbedata
steadyrateduringanyparticulartimeintervaltomaintaima givenskin
temp~ature.Sucha figurebaseduponthedataoftableVI alone,how-
ever,isnotdirectlyapplicableto humanbeingsbecausehumanscan
toleratemoreheatthanpigs. Humanbeingsperspire,whereaspigsdo
not;andtheevaporationofthisperspirationaffordsconsiderablepro-
tectionagainstexcessheat. .

A correctionforthep=spirationeffectcanbeobtainedbycom-
paringtheabovedataobtiimedfromthestudyofpigs@th theprepain
datafromreference6. Theabovedatashowtheheatthatwill.be
absorbedinbringingpigskinuptoandMintam itat45°C (lineB
infig.45). Reference4 providesthisssmeinfcmmationforhman skin
(lineAin fig.45). Theprotectiveeffectofperspirationisthenthe
algebraicdifferencebetweenthetwosetsof data(lineC onfig.45).
Theslopeofthelinerepresentingtheheatabsorbedby perspiration
(lineC) showsthatuptoabout3 minutesa protectionof0.4calorie
persquarecentimeterperminuteisprovidedby theevaporationof
perspiration.Theinflectionpointat about3 minutescorresponds
roughlyto theearliesttimeatwhichcopiousperspiringbeginswhena
personentersa hotenvironment(ref.16). Thereaftertheslopeofthis
lineincreasestoapproximately0.9caloriepersquarecent-t= per
minute.Thesevaluesfortheprotectionaffordedbyperspiration,0.4
to 0.9caloriepersquarecentimeterperminute,agreereasonabl.ywell
withthevaluesquotedinreference3,0.5to 1.0caloriepersquare
centimeterperminute.Accordingly,lineC wasusedasabase lineand
theheatabsorbeddatafromthepigexperiments(ref.15)plottedabove
ittoformfigwe44. Thisfigurethusincludestheheatabsorbedby
theskinplusthatrequiredto evaporatetheperspiration.

Inorderto il.lustratitheuseoffigure44fordetermining.the
skintemperaturehistoryforuseinequation(5),thecalorimetertem-
peraturehistoryfortheleftforwardfmelageposition(crash1)in ,
figure8 waschosenas an example.Theskin-temperaturehistoryis
obtainedby plottingthetimehistoryofheatabswbedbytheskinfor
Wpmtic@ wss%er pOSitiOninfig~e44. me valuesofheat-
transferratefortheexamplechosen,calculatedlyequation(4),show.
thatheattransfertotheskinbegan137secondstiterimpact;thustime
zeroonfigure44 correspondsto 137secondsonthecalortietertemper-
aturehistory(fig.8). Thesubs~uenthistoryoftotalheatabsorbed
by theskinuptoanyparticulartimeisthenplottedinfigure44as

_______ _.
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shown.Theintersectionsoftheheatabsorbedcurvewiththevarious
constant-temperaturelinesprovidetheskin-temperaturehistoryastab-
ulatedhere:

chart s-
the, temperature,
sec Oc

718 40
64 45
78 50
84 55
91 t 60

Thesecondste~intheprocedmeisto usethisskin-temperaturehistory
in conjunctionwithequation(5)todeterminetheescapetime.The
titialtimeforthecalculationwithequation(5)isthetimeatwhich

0 C andcumulativeskininjurybegins,thesldntemperaturereaches4A%
54 secondsinthiscase.Theinte~ted valueofequation(5)equals1,
87 secondsafterheattransfertothesk.inbegins;thusinthisinstance
a mir@mlsecond-degreeburnwouldhavebeeninflicted87+ 137= 224sec-
ondsafter@act; thevalueofescapetimelistedintableI.

Becausetherearenowell-@finedphysiologicaldatato indicate
inwhatwaytheeffectsofheatapplicationon sldntemperatureare
additiveinan environmentofrapidlychangingtemperaturesuchas
obtahedina crashfire,itisdifficultto establishtheerrorinvolved
incomputinghumanskintemperaturehistoriesby thestepwiseprocedure
employedhere. Comparisonofhumanskintemperaturesmeasuredinexperi-
mentsinrefa?ence6 withthosecomputedby thisstepwiseprocedurefor
theconstanttemperatureenvironmentsestablishedintheirexperiments
showsthecomputedsldntemperaturestobe slightlyhigherthanthe
measuredvalues.Sincetheprotectivebodymechanismssuchasblood
circulationandperspirationdonotrespondimmediatelytotherapidly
fluctuathgthermalenvironmentswhichexLstb crashfties,skintern- ‘
peraturescanbe ~ected torisefasterunderthesecircumstancesthan
wouldbe thecaseinan equivalentelevatedtemperaturethatisuuiform
withtime. This&lfferencein computedandmeasuredskintemperatures
thereforeageeswiththeexpectedvariationforthecrash-fireproblem
andno attemptwasmadetoadjustthecomputationalprocedureto give
skintemperaturehistoriesincloser~eement withtheexperimental
valuesobtainedinrderence6.

.’-.
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APPENDIXB

ESCAFETIMEAS LIMITEDBY CARBON-MONOXIDEPOISONING

ANDOXYGENDEFICIENCY

carbon-monotideconcentrationsencounteredinpersonnel
compartmentsduringaircraftfiresmakeitnecessaryto usea stepwise
calculationprocedureto determine-theescapetime.Thisappendix
describesthedetailsofthecalculationprocedureused.

Whenhman behgs areexposedtoatmospherescontainingcarbon
monoxidetheportionofthehemoglobinthathasconbinedwithcarbon
monoxidetoformcarbo~hemoglobinandthusisnotcapableoftransport-
ingoxygenisgivenby thefollowingequation,takenfromreference8:

co% = KX COXt

where

co% percentof

co percentof

carboxyhemoglobtiformed

carbonmonoxide

t exposuretime in min

InthisequationtheabsorptionconstantK dependsuponthevolumeof
airrequiredperminuteby theexposedperson.Thisvolume,generally
termedthe“pulmonaryventilationrate”by physiologists,willbe termed
“ventilationrate”throughoutthisdiscussion.

TheconstantK isequalto 3 forpersonsatrest,5 forlight
activity,8 forlightwork,and11forheavywork.Forthesestudies,
itwasassumedthatthepilotswere.engagedinlightwork,pulse110and
ventilationrate18litersperminute,andanabsorptionfactorof8 was
usedforthecalculations.Passengers.wouldnotbe soactiveasthe
crew;therefaetheycouldtoleratethessmecsrbonmonoxideconcentra-
tionsfora somewhatlongertimeinterval.

SiucebothcarbonmonoxidepoisoningandlowoxygenPartial”pres- -
suresresultinanoxiaandsincethelargercarbonmonoxideconcentra-
tionsareaccompaniedby decreasedoxygenconcentrationsinanaircraft
fire,thesetwofactorsareconsideredsimultaneously.Itis shownin
reference8 thatthecarbonmonoxideabsorptionrateisindependentof
loweredoxygenpressureprovidedallowanceismadefortheincreasein
ventilationratecausedby lowoxygenpressure.

—
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Thecorrectionrequiredto
ratecausedby decreasedoxygen
presentedinreference8. This
a relationbetweenaltitudeand

NACATN 2996

accountfora variationinventilation
pressurecanbedeterminedfromdata
ref~encepresentshumandatafromwhich
ventilationratecanbe obtained.This

rehtionwasthenconvertedtoa relationbetweenoxygenconcentration
at sealevelandventilationrate,andisplottedas lineA-Ainfig-
ure46. Therelationbetweenventilationrate,asdeterminedbywork
level,andthecorrespondingabsorptionfactorispresentedas lineB-B,
whichisbasedupondataalsoavailableinreference8. Theabso~tion
coefficientsgivenby lineB-Bwereobtainedata normalsea-level
o~genconcentrationof21percent.InthecrashteBtstheoxygencon-
centrationdecreasedasnoxiousgasestied withthecabinah andsome
oftheoxygenwasconsumedinthefire.Nophysiologicaldatacovering
thiscircumstanceexist;henceitisnecessaryto ccmibfietheeffectsof
o~gen concentrationonventilationrate,as shownby lineA-A,withthe
effectof ventilationrateontheabsorptioncoefficient,as shownby
lineB-B. Forthisreasonanassumptionhasbeenmadethattheeffect
ofdiminishingoxygenconcentrationisthesameforlightworkasitis
atrest.LineC-Cisaccordinglydrawnparallelto lineA-Athroughthe
sea-levelvalueofventilationrateforlightwork(18litersperrein).
Thecorrectedabsorptionfactorforanyparticular~xygenconcentration
isthusfoundfromfigure46by findinga pointend-B verticallybeluw
thepointonC-Ccorrespondingtoa givenoxygenconcentration.

Becauseofthenonlinearchangeinthecarbonmonoxideandoxygen
concentrationsencounteredh thecrashfires,a stepwisemethodof
calculatingtheincreasein carboxyhemoglobinwasrequired.Sincethe
linearequationforcarboxyhemoglobinconcentration

co% = 8XCOXt

showsno influenceofexistingcarboxyhemoglobininthebloodon the
absorptionr“ate,eachincrementina stepwtsecomputationshouldbe
additive.Thecalculationprocedurethusisto determinetheaverage
carbonmonoxideando~gen concentrationsduringa the intervalin
whichthegasconcentrations”varyata reasonablyuniformrate,deter-
minetheabsorptionfactorcorrespondingtotheaverageoxygenconcen-
trationfromfigure46,andthencalculatetheincrementalcarboxy-
haoglobinconcentration.Theincrementscanthenbeaddedto obtati,
thetotalcarboxyhemoglobincontentattheendofeachtimeinterval.

A timehistoryoftotalaccumulatedcarboxyhemoglobincontentin
thebloodisthenplottedagainsttimeto obtainthethe historyof
carbonmono~depoisoning.Thetimeatwhichthetotalcarboxyhemo-
globincontentreaches35percent,theselectedlimit,
be thelimitoftheescapetime.A sam@ecalculation
followingparagraph.

isconsideredto
is showninthe
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Thesaqle calculationisbaseduponthe.timehistoryofgascon-
centrationsinthepilot’scompartmentduringthefirsthulkfire
(fig.21). Thistimehistoryshowsthatduringthefirsthalfminute
theaveragecarbonmonoxideconcentrationwaspracticallyzeroandno
gascouldbeabsorbed.Duringthenexthalf-minuteperiodtheaverage
carbonmonoxideconcentrationwas0.02percent.Duringthis9= time
intervaltheaverageoxygenconcentrationwas18.3percent.Figure46
showsthattheabsorptionfactorcorrespondingto an 18.3p=centoxygen
concentrationis8.3:

Apercent

TheaccumulatedCO%

Theincrementof

Theamountof CO% formed’isthen

CO% = 8.3X0.OIX~= 0.04percent

isthus0.04percent.

coHb forthenexttimeintervalis

ApercentCO~= 8.5X0.03X~= 0.13

TheaccumulatedCOW by theendofthisintervalisthen0.04+ 0.13=
0.17-percent.These-accumulatedvaluesare
andthethe atwhichtheaccumulatedCO%
sideredtobe thelimitof escapetime.
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TABLEII.- PHYSIOLOGICALEEFECTSOFVARIOUSCARBONMONOXIDE
HEMOGLOBINPERCENTAGES

[Basedonsimilartableinref.Ii]

Immediatelyfatal

RapIdlyfatal

Unconsciousness;respiratoryfailureanddeathif
exposureislongcontinued

.

Headache;slightconfusion,collapseandfainting
onslightexertion

Decided.headache;irritable,easilyfatigued,judgment
disturbd,faintinguponanyconsiderableexertion

No appreciableeffectinmostinstances,except
shortnessofbreathevenonmcderateexertion,
occasionallyslightheadache

No appreciableeffectexcept’shortnessofbreathon
vigorousmuscularexertion

10

0
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TABLEIII.-REm~rvE

Crasl

1

6

7

CONCENTRMTONSOFNOXIOUSGASES

PRODUCEDBYFIREANDFOUNDINCOMPARTMENTSOF

URPLANW DURINGCRASHFIRES

Airplane

Low
midwing

High

High

compart-mme hConstituent’ment after co C02
impact,
sec

Pilot 1300 I 1212.5
Passenger300 0.1-0.50.6

Rem 60 ‘ 0.1tlace
passenger

Front 180 0.11.25
passenger

Rear 60 9.1 3.4
passenger

,s,percent

T
02 aCH4

F-319.50.1or
less

+

20.0

17.4

20.6

+

17.5

13.o
1

hydrocarbonsotherthan CHA weredetectedinsmallcon-
centrationsinonetest. =

.-
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TABLEIv.- ESCAPETIMESFORTWOFIRESBUILTAROUND

PREVIOUSLYCRASHEDBUTUNBURNEDAIRPIANES

milk Position Escapetime,sec
fire Carbon MinimalCarbon

monoxide-second-dioxide
oxygen degree
depletionSm

burn

1 Pilot1s 397 319 (a)
compartment

Forward 398 El 365
cabin

Aft (a) 257 (a)
cabin‘

2 Pilot‘s 398 55 (a)
compsxtment
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Figure8. - TimeMstoriesofambientandcalorimetertemperatures
Invariouscompartmentsduriwgseveralcrashes.
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(a)Crash1.

mgura11. - Photog?apheshowingdevelopmentd fIreduringescapetime.Upperphoto-
@I@ sh- ~t~l ffieorflrashmtlyafterairplanesto~edslddl.ng;lowerphoto-
~ph Shovsfireatendofcalculatedescapet~.
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(o)crash7.

Fi@re11.- Conolmied.Photographsshowingdevelopmentoffireduringesoapetime.
Upperphotogzqhshowsinitialfireorfireshortlyafterairplanestoppedsllding;
lowerphotographshcwsfIreatendd uloulatedesoapet3me.
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Figure13.-Temperaturehistoriesofcalorimeter
bulbfacingwindowexposedtofireandbulbfacing
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(a)Panebeginningtomelt.
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(b) Panecompletelymelted.
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‘Figure14.- TwostagesIndlstitegratlonofplastiowindoww whensubjacteatofire.
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Figure22.-Flamefromexplosiond hydrocarbonvaporinfUSeh8eesosp~thro@
fo- fusel.agedoor.
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(a)Crash1;lowmidwingairplane.
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(b)Crash3;lowmidtingairplane.

Figure23.- Timehistoriesofescapepossibilityfromvarious
quartersofseveraltransportairplanesinvolvedincrash
fire.
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.

FigW!e27.- Sectiond brokenforgedalwnimunpropellerbladeoausedbyhpactofblade
withanobstacle.
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(b) Penetrationby forgedaluminumpropellerfragments
during14 crashes.

Figure 29. - Concluded. Penetrationof fuselageby propeller
fragments.
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mglu’e 30. - HolemadeInfloorwhenfrontlanUng-gearstrutandguideslipper
weredetaohedbyocmtaotwithobstacleatcrashbarrierandpenetratedfloor
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,- Positlon C& frcmtlantlng-wheelEI_&utefterpenetrat~floorandrebound-
reard cabin.
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Figure39.--e b pcket-t~ cargoairplanefloorstruotureandsidefradng
resulthgfromvertioslImp30tandsIIQ frictlmonkardgroundsurfaoe.
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Figure 43, - CLxltlirlu&i.holpient In&ml ooll.ap6eof re~r-t~ fuselage
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